Editor: Ian Parker.

INTRODUCTION
============

Ca^2+^ signaling is one of the best studied second messenger pathways in cells because of its ubiquitous role in modulating a wide variety of systems, from cell division to muscle contraction to neuronal communication, among many others ([@bib1],[@bib2]). The major pathway for mediating responses to Ca^2+^ flux is through the small ubiquitous protein calmodulin (CaM), which cooperatively binds Ca^2+^ and transduces the signal to a family of over 100 CaM-binding proteins ([@bib2]). It has been estimated that the total concentration of CaM-binding proteins is ∼2-fold higher than the total CaM concentration in cells ([@bib3],[@bib4]). The formation of CaM complexes with target proteins occurs throughout the cell as there are cytosolic, nuclear, and membrane proteins that can bind CaM in either its Ca^2+^-bound or Ca^2+^-free configurations ([@bib5]).

As such, interactions of CaM with its target proteins affect its mobility through the cytoplasm ([@bib6],[@bib7]). A particular example of this problem, approached by simulations, suggests that a CaM target protein, neurogranin, has the potential to regulate the encounter rate between Ca^2+^-saturated CaM and its downstream targets during Ca^2+^ transients ([@bib8]). In other examples, a regulator of CaM signaling when phosphorylated can increase its affinity for CaM acting as a competitive inhibitor of other CaM-activated enzymes ([@bib9]). The general concept is that CaM has been thought of as limiting in its role as a messenger ([@bib4]). Thus, the model put forward is that CaM is sequestered by its targets in basal conditions and the Ca^2+^ signals activate downstream targets to which CaM is already bound or by redistributing it to nearby targets with higher affinity for the Ca^2+^-saturated form of CaM.

One of the major targets in cells for Ca^2+^/CaM is Ca^2+^/CaM-dependent protein kinase II (CaMKII), a Ser/Thr directed protein kinase abundant in brain and other tissues ([@bib10]). CaMKII is a 12-subunit enzyme that was shown to increase its affinity to CaM following autophosphorylation, a phenomenon called CaM trapping ([@bib11],[@bib12]). This suggests that CaMKII may have a role in modulating the pool of available CaM inside cells. Eventually, activation of CaMKII can lead to physiological changes in the strength of synaptic connections ([@bib13],[@bib14]) and modulate the force/contraction relationship in cardiac tissues, among many other functions ([@bib15]--[@bib17]).

Regardless of the amount of information that has been acquired over the years on Ca^2+^ signaling through CaM, the question of how CaM diffuses throughout the cell to regulate specific pathways is still open. When direct observations of CaM mobility and availability have been undertaken, some results are contradictory mainly because of the lack of spatial resolution, the methodology employed, the cell model used, and the reporter molecule ([@bib3],[@bib4],[@bib6],[@bib7],[@bib18]--[@bib21]). Our approach is to combine the novel fluorescent spectroscopy (FCS) techniques, raster image correlation spectroscopy (RICS) ([@bib22]--[@bib26]), and number and brightness (N&B) analysis ([@bib27]). Together, these techniques provide a methodology to investigate the global diffusive behavior of CaM and determine how CaM interacts with binding targets throughout the cell.

Using these methodologies, our data show that in human embryonic kidney 293 (HEK293) cells, CaM diffuses at a rate slower than expected on the basis of the molecular weight and cytoplasmic viscosity (10 *μ*m^2^/s), whereas enhanced green fluorescent protein (eGFP) diffuses at ∼20 *μ*m^2^/s. In the nucleus, CaM has a brightness corresponding to the monomeric form of eGFP and is fast diffusing (80%). In the cytoplasm, only 60% of the molecules diffuse at the rate of 10 *μ*m^2^/s. Combining the data from RICS and N&B, we found regions of the cell where only one molecule of CaM is interacting with a putative target and regions in which CaM is in complexes with higher binding stoichiometry. Coexpression of *α*CaMKII leads to slowed CaM diffusion and an increased number of CaM complexes, thus supporting the hypothesis that CaMKII can modulate CaM availability. In total, we conclude that there is little available CaM at rest or following an increase in Ca^2+^, supporting the idea that target binding sites must exceed the number of CaM molecules.

MATERIALS AND METHODS
=====================

Preparation of HEK cells
------------------------

HEK293 cell were plated on poly-D-lysine-coated 35 mm tissue culture dishes 2 days before measurement, as previously described ([@bib28]). Plasmids expressing eGFP, eGFP-CaM, and eGFP-CaMKII were transfected using Lipofectamine-2000 on the day of the experiment. In some experiments, cells were cotransfected with a plasmid expressing *α*CaMKII in the pCDNA-3 vector. After 3 h, cells were transferred into Hank\'s balanced salt solution (Invitrogen, Carlsbad, CA) containing 25 mM HEPES, pH 7.2, 2 mM CaCl~2~, and 0.8 mM MgCl~2~ before imaging. To increase or decrease the Ca^2+^, a 2 *μ*M (final concentration) solution of ionomycin (Calbiochem, San Diego, CA) was added to the media. To reduce Ca^2+^, 10 mM EGTA replaced the 2 mM CaCl~2~ in the media of cells treated with 2 *μ*M ionomycin.

Data acquisition with an LSM
----------------------------

Data were acquired using a commercial laser-scanning microscope (LSM) in an upright configuration (Zeiss LSM 510, Thornwood, NY). A 63× Apo water immersion (0.9 NA) infinity corrected lens was dipped directly into the imaging media at room temperature. The pinhole was set to 1 Airy unit. The 488 nm laser line was used with \<4% of transmission power, and the eGFP signal was detected with a long-pass emission filter (505 nm cutoff). Laser output was initially adjusted to below the 4% level and never changed through the experiments reported in this work. Detector gain was set to 800 V whereas detector offset was set to 0.

Unless otherwise specified 256 × 256 images at 8 bits were collected at scan speed 5, which in the Zeiss LSM 510 corresponds to a pixel dwell time (*τ*~p~) of 25.6 *μ*s. A zoom setting of 10 with a pixel dimension (*δr*) of 0.052 *μ*m was selected to oversample the point spread function (PSF). Under these conditions, the time to scan one line (*τ*~l~) was 15.35 ms. A time series of 100 frames with no programmed delay between images was used to reduce statistical error. The excitation volume was calibrated using a dye solution of Alexa 488 (Molecular Probes, Eugene, OR). The diffusion coefficient (*D*) of this dye was set to 196 *μ*m^2^/s ([@bib29]) to determine the waist of the laser beam. *ω*~0~ = 0.32 ± 0.01 *μ*m (Supplementary Material, Fig. S1 in [Data S1](http://www.biophysj.org/cgi/data/biophysj.108.138974/DC1/1)). Images were processed and the data were fit using the SimFCS program (LFD, University of California at Irvine).

Raster image correlation spectroscopy
-------------------------------------

RICS ([@bib23]) processing consists of calculating the two-dimensional (2D) spatial correlation function of each frame$$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}G_{{\mathrm{RICS}}}({\xi},{\psi})=\frac{{\langle}I(x,y)I(x+{\xi},y+{\psi}){\rangle}}{{\langle}I(x,y){\rangle}^{2}},\end{equation*}\end{document}$$where *ξ*,*ψ* are the spatial lag in the horizontal and vertical (*x,y*) dimensions, respectively.

The 2D autocorrelation function can be expressed in terms of two components, one is the scanning component (*S*(*ξ*,*ψ*)), which depends on the scanning parameters such as the size of the excitation volume and the pixel size, and the other component contains the information about the diffusion of the molecule$$\documentclass[10pt]{article}
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\begin{equation*}S({\xi},{\psi})={\mathrm{exp}}\left(-\frac{\left(\displaystyle\frac{{\xi}{\delta}r}{{\omega}_{0}}\right)^{2}+\left(\displaystyle\frac{{\psi}{\delta}r}{{\omega}_{0}}\right)^{2}}{1+\displaystyle\frac{4D({\tau}_{{\mathrm{p}}}{\xi}+{\tau}_{{\mathrm{l}}}{\psi})}{{\omega}_{0}^{2}}}\right)\end{equation*}\end{document}$$and$$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}G({\xi},{\psi})=\frac{{\gamma}}{N}\left(1+\frac{4D({\tau}_{{\mathrm{p}}}{\xi}+{\tau}_{{\mathrm{l}}}{\psi})}{{\omega}_{0}^{2}}\right)^{-1}\left(1+\frac{4D({\tau}_{{\mathrm{p}}}{\xi}+{\tau}_{{\mathrm{l}}}{\psi})}{{\omega}_{0}^{2}}\right)^{-1/2}.\end{equation*}\end{document}$$In [Eq. 4](#fd4){ref-type="disp-formula"}, *γ* is the illumination profile factor assumed to be 0.35 for a three-dimensional (3D) Gaussian using one-photon excitation, and *N* is the apparent number of molecules in the excitation profile.

To accurately deduce diffusion coefficients using RICS in live cells, one has to account for and subtract slow background motion (gross cellular motility) and movement of large visible vesicles or organelles that would give rise to fluctuations with an apparent diffusion of \<0.002 *μ*m^2^/s. In so doing, the contribution of the true immobile fraction is also filtered out. The subtraction algorithm consists of calculating the average intensity per pixel of a stack of images and subtracting pixel by pixel this image from the intensity of each image of the stack *I*~i(x,y)~. This subtraction could sometimes give a negative number. Thus, a number (*a*) equal to the average intensity of the stack is added to avoid this artifact. Mathematically, this correction can be written as$$\documentclass[10pt]{article}
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\begin{equation*}F_{{\mathrm{i(x,y}})}=I_{{\mathrm{i(x,y}})}-\overline{I_{{\mathrm{i(x,y}})}}+a.\end{equation*}\end{document}$$The above equations describing the RICS 2D autocorrelation functions are valid for point particles. We discovered that a single component did not fit the data, and the need for a second component in [Eq. 4](#fd4){ref-type="disp-formula"} was required. We observed that the second component was in the range of 0.4 *μ*m^2^/s for the eGFP transfected cells. The possible causes for such slow components include weak interactions with immobile obstacles, formation of large molecular complexes, and other intracellular features that were not removed by the subtraction algorithm.

Number and brightness analysis
------------------------------

The N&B analysis ([@bib30]) considers each pixel of the image as a temporal data set. For each pixel the average and the variance is defined as follows:$$\documentclass[10pt]{article}
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\begin{equation*}{\sigma}^{2}=\frac{{\sum}_{{\mathrm{i}}}(k_{{\mathrm{i}}}-{\langle}k{\rangle})^{2}}{K},\end{equation*}\end{document}$$where *k*~i~ is the intensity at a given pixel and *K* is the number of frames analyzed. Using these definitions, the apparent brightness *B* and the apparent number of molecules *N* can be obtained using the following expressions as a function of the true brightness 〈*ɛ*〉 and the true number of particles *n*$$\documentclass[10pt]{article}
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\begin{equation*}B=\frac{{\sigma}^{2}-{\sigma}_{0}^{2}}{{\langle}k{\rangle}-{\mathrm{offset}}}=\frac{T^{2}{\varepsilon}^{2}n+T^{2}{\varepsilon}n}{T{\varepsilon}n}=T({\varepsilon}+1)\end{equation*}\end{document}$$and$$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}N=\frac{({\langle}k{\rangle}-{\mathrm{offset}})^{2}}{{\sigma}^{2}-{\sigma}_{0}^{2}}=\frac{{\varepsilon}n}{{\varepsilon}+1},\end{equation*}\end{document}$$where *T* is the average conversion factor between one photon detected and the number of digital levels produced by the analog electronics. The true brightness 〈*ɛ*〉 and the true number of particles *n* are thus dependent on the calibration of the instrument when using analog detectors ([@bib30]), because one needs to consider the internal variance of the detector current, which is a linear function of the detector current and the readout term. Note that *B* depends only on the particle brightness and is independent of the number of particles. The calibration of the analog detector ([@bib30]) for the Zeiss LSM 510 under the condition of our measurements (gain and offset) gave the value of *T* of 0.5 digital levels/photon. The value of the offset slightly varied from experiment to experiment but was always in the range of 1--1.5 digital levels, and $\documentclass[10pt]{article}
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\begin{equation*}{\sigma}_{0}^{2}\end{equation*}\end{document}$ (the readout variance) was set to 0. As discussed in Digman et al. ([@bib27]) a pixel value of *B* = 1 indicates that in that pixel there is only an immobile fraction. If in a pixel there is a ratio, *R*, of immobile and mobile fraction (the ratio is calculated from the relative contribution to the fluorescence intensity), then the value of the measured brightness *ɛ*~m~ in terms of the true brightness *ɛ* is given by$$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}{\varepsilon}_{{\mathrm{m}}}=\frac{{\varepsilon}}{1+R}.\end{equation*}\end{document}$$

Single-point two-photon fluorescent spectroscopy
------------------------------------------------

Two-photon fluorescent spectroscopy (TPFCS) was achieved by using a mode-locked titan-sapphire laser tuned at 850 nm coupled to an inverted Olympus IX71 with a 60× water immersion objective (Olympus, Melville, NY). The sample was mounted on a No. 1 coverslip on top of the objective, and the fluorescent signal from the sample was collected by an avalanche photodiode and transmitted to a hardware correlator, as described elsewhere ([@bib31],[@bib32]). After using a known dye to calibrate the system, 10 consecutive acquisitions of 10 s each were averaged and analyzed using a single component model of diffusion for the correlation function:$$\documentclass[10pt]{article}
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\begin{equation*}G({\tau})=\frac{{\gamma}}{N}\left(\frac{1}{1+{\tau}/{\tau}_{{\mathrm{D}}}}\right)\left(\frac{1}{1+\displaystyle\frac{1}{{\kappa}^{2}}\left({\tau}/{\tau}_{{\mathrm{D}}}\right)}\right)^{1/2},\end{equation*}\end{document}$$where the diffusion coefficient for a two-photon system is obtained with $\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}D={\omega}_{0}^{2}/8{\tau}_{{\mathrm{D}}},\end{equation*}\end{document}$ *k* is the structure parameter of the PSF, *ω* ~0~ is the waist of the PSF, *N* is the apparent number of molecules in the 3D Gaussian illumination volume, and *γ* is the illumination profile factor.

Immunocytochemistry
-------------------

After RICS, HEK293 cells were fixed with a 4% solution of paraformaldehyde for 10 min and washed three times with a solution of 1× phosphate buffer saline. After permeabilization with 1% TX-100 in the presence of 5% bovine serum albumin, cells were incubated with a monoclonal-specific antibody to *α*CaMKII for 2 h. After several washes, cells were incubated with an Alexa-568 labeled goat anti-mouse secondary antibody for an additional 2 h before imaging on a Zeiss 510 confocal microscope with a 63× Apo water immersion (0.9 NA) infinity corrected lens with the zoom set to 2 and collecting 512 × 512 8-bit images. An eGFP signal was detected by excitation with the 488 nm laser line, whereas the Alexa-568 label was detected by excitation at 543 nm. A band-pass filter (505--530 nm) was used to discriminate the green signal, and a long-pass filter (\<585 nm) was used for the red channel.

RESULTS
=======

In vitro measurements of GFP constructs
---------------------------------------

The diffusion coefficients of green fluorescent protein (GFP), GFP-CaM, and GFP-CaMKII diffusing in 1× phosphate buffer saline were obtained by RICS and single-point TPFCS (see Materials and Methods for details on RICS and TPFCS). These data are presented in [Table 1](#tbl1){ref-type="table"}, where the standard deviation describes the day-to-day error in the measured diffusion coefficient of each of these proteins. eGFP tends to give a larger experimental error with RICS, but the error decreases as the size of the tracer is increased with a correspondingly slower diffusion coefficient. From single-point FCS, we know that at least a 1.6 difference in the radius of gyration is needed to differentiate without ambiguity the diffusion between two molecules ([@bib33]). In our case, we know that CaM, a 16 kDa protein, is very flexible. The larger fluorescent tag eGFP is 27 kDa and has a rigid barrel shape and likely defines most of the mobility of eGFP-CaM, which exhibits only a slightly slower diffusion coefficient than eGFP. GFP-CaMKII gives almost a fourfold change in the diffusion coefficient when compared to GFP or GFP-CaM, consistent with its larger radius of gyration. Compared to GFP-CaM (42 kDa), GFP-CaMKII (970 kDa) is one of the largest soluble proteins found in the cytosol. Thus, it would correspond to one extreme for a protein tracer reporter for intracellular diffusion.

###### 

Comparison of means ± SD of diffusion coefficients as obtained by TPFCS and RICS in solution

               RICS      TPFCS
  ------------ --------- ----------
  GFP          88 ± 30   83 ± 14
  GFP-CaM      79 ± 13   66 ± 4
  GFP-CaMKII   25 ± 5    21 ± 0.3

Live cell measurements
----------------------

### Immunocytochemistry of HEK293 cells

To assess the distribution of each of the eGFP constructs used in this study, HEK293 cells were transfected with plasmids expressing eGFP, eGFP-CaM, eGFP-CaMKII, or the nonlabeled form of *α*CaMKII and were fixed, immunolabeled, and imaged on the LSM 510 (see Materials and Methods). [Fig. 1](#fig1){ref-type="fig"} shows antibody labeling of *α*CaMKII in the red channel, and the green channel shows the expression of the various eGFP constructs. The final column shows image overlays of the two channels. It is clear from row A that there is no endogenous *α*CaMKII in HEK293 cells (absence of signal in the *red channel*). Note that eGFP is expressed throughout both the nucleus and cytoplasm of the cell (*green channel*) with some apparent enrichment in the nucleus. The bleed-through between channels is observed on row B, where no antibody treatment was added to HEK cells expressing eGFP-CaM. eGFP-CaM is distributed homogeneously within the cells with slightly lower expression in the nucleus. Strong immunostaining is evident when nonlabeled *α*CaMKII is expressed in the cells (*row C*) that disappear when the primary antibody is omitted (*row D*). *α*CaMKII is uniformly distributed in the cytoplasm but is largely excluded from the nucleus whether expressed without (*row C*) or with (*row E*) the eGFP tag. In cells expressing both eGFP-CaM and nonlabeled CaMKII (*row C*), GFP-CaM can be detected throughout the cytoplasm and the nucleus.

![Immunolabeling of transfected HEK293 cells. Red channel in most cases corresponds to the signal coming from Alexa-568 labeled goat anti-mouse secondary following labeling with a monoclonal antibody to *α*CaMKII. The green channel is eGFP or the eGFP construct signal. The overlay of the two channels is shown in the third column. (*A*) HEK293 cells expressing GFP; we see no evidence of endogenous *α*CaMKII, evidenced by the lack of signal in the red channel. (*B*) eGFP-CaM expressed on HEK293 cells when no antibody treatment was performed, showing little cross talk signal from the green channel into the red channel. eGFP-CaM is distributed homogeneously within the cells with slightly lower expression in the nucleus. (*C*) Coexpression of eGFP-CaM and the nonlabeled form of *α*CaMKII; we see similar results to those in *B*, plus we see signal from the red channel, indicating expression of *α*CaMKII in each cell that is also expressing eGFP-CaM. CaMKII is largely excluded from the nucleus, whereas eGFP and eGFP-CaM are not. The appearance of very bright spots possibly reflects recycling vesicles due to overexpression of eGFP-CaM. (*D*) Expression of eGFP-CaMKII, with the primary monoclonal antibody specific for *α*CaMKII was omitted from the staining protocol. Note the very weak signal in the red channel, which represents background fluorescence and/or some modest bleed-through of the green channel similar to row *B*. (*E*) eGFP-CaMKII expressed in HEK293 cells stained with monoclonal antibody specific to *α*CaMKII. Note that both signals overlay almost perfectly, as expected.](BIO.138974.wc.f1){#fig1}

### Diffusivity and availability of eGFP in HEK293 cells

We first characterized the diffusion, concentration, and brightness distribution of eGFP in HEK293 cells. eGFP represents a noninteracting molecule with the same molecular brightness as the molecule of interest, eGFP-CaM. From analyzing 16 cells, we obtained an average value for the diffusion coefficient and molecular brightness of intracellular eGFP in its monomeric form, and the numeric data are summarized in [Table 2](#tbl2){ref-type="table"}. As a representative example, [Fig. 2 *A*](#fig2){ref-type="fig"} shows a single confocal frame of a selected cell with the region of interest (ROI) identified as a red box. From that region, 100 frames were collected, as mentioned in Materials and Methods. [Fig. 2 *B*](#fig2){ref-type="fig"} shows the averaged intensity across the 100 frames (collected over 3 min), and by averaging, some of the features in the confocal image ([Fig. 2 *A*](#fig2){ref-type="fig"}) are blurred. After applying the N&B analysis, one can extract the spatial distribution of the number of molecules.

![RICS and N&B analysis of eGFP in HEK293 cells. (*A*) A confocal slice through a HEK293 cell expressing eGFP. (*B*) The average intensity of 100 frames of the ROI identified in *A* with a red box is shown with the pseudocolor scale from 0 to 255. (*C*) The concentration map obtained from the N&B analysis by converting the number of molecules from the average intensity as compared with a standard curve similar to the one found in the Supplementary Material ([Data S1](http://www.biophysj.org/cgi/data/biophysj.108.138974/DC1/1)). (*D*) The spatial map of the brightness "*B*" that represents the variance of each pixel divided by the average intensity of each pixel, calculated from the 100 frames. (*E*) Brightness histogram of the data shown in *D*. The total number of pixels (*y* axis) are plotted against *B* (*x* axis). A green Gaussian profile is overlaid on the histogram whose peak represents the molecular brightness of monomeric eGFP. (*F*) The RICS analysis of the ROI shown in *B*. (*G*) The fit of the autocorrelation with a two-component model for this cytoplasmic region of the cell gives values of 20.1 *μ*m^2^/s and 0.39 *μ*m^2^/s.](BIO.138974.wc.f2){#fig2}

###### 

Diffusion coefficients, brightness, and concentrations obtained using RICS and N&B of eGFP constructs expressed in HEK293 cells
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  ------------------- --------- ---------------------- -------------- -------------------------------------------------------------------------------------- -------------
  eGFP                          20 ± 5                 90 ± 9         6.88 ± 1.5                                                                             1.5 ± 2.3
  eGFP+nlCaMKII                 21 ± 8                 86 ± 13        7.88 ± 2.9                                                                             1.75 ± 1.42
  eGFP-CaMKII                   1.6 ± 0.9              74 ± 11        21.08 ± 11.05                                                                          2.16 ± 1.14
  eGFP-CaM                                                            7.56 ± 5.6                                                                             2.1 ± 1.57
  eGFP-CaM+nlCaMKII                                                   10.65 ± 6.1                                                                            4.82 ± 2.63
  Nucleus                                                                                                                                                    
  eGFP-CaM            Basal     10 ± 5                 80 ± 19                                                                                               
                      +Ca^2+^   10 ± 4                 85 ± 16                                                                                               
                      −Ca^2+^   10 ± 7                 75 ± 12                                                                                               
  Cytoplasm                                                                                                                                                  
  eGFP-CaM            Basal     11 ± 6                 60 ± 17                                                                                               
                      +Ca^2+^   11 ± 4                 68 ± 17                                                                                               
                      −Ca^2+^   10 ± 9                 64 ± 26                                                                                               
  Nucleus                                                                                                                                                    
  eGFP-CaM+nlCaMKII   Basal     7 ± 5                  52 ± 28                                                                                               
                      +Ca^2+^   12 ± 2                 58 ± 23                                                                                               
                      −Ca^2+^   6 ± 2                  67 ± 11                                                                                               
  Cytoplasm                                                                                                                                                  
  eGFP-CaM+nlCaMKII   Basal     7 ± 4                  29 ± 27                                                                                               
                      +Ca^2+^   8 ± 1                  67 ± 10                                                                                               
                      −Ca^2+^   4 ± 3                  34 ± 10                                                                                               

Data are tabulated from different cellular compartments for RICS and after elevation Ca^2+^ (+Ca^2+^) or reduction Ca^2+^ (−Ca^2+^) as described in Materials and Methods. nlCaMKII refers to nonlabeled CaMKII. Values are means ± SD of at least six different cells measured for each condition. The average molecular brightness $\documentclass[10pt]{article}
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\begin{equation*}{\langle}{\epsilon}{\rangle}\end{equation*}\end{document}$ is calculated from [Eq. 8](#fd8){ref-type="disp-formula"} then divided by the pixel dwell time (25.6 *μ*s) giving units of kilocounts per molecule per second (Kc/m/s).

The number of molecules can be converted into concentration using a standard curve similar to the one shown in Fig. S1 *D* ([Data S1](http://www.biophysj.org/cgi/data/biophysj.108.138974/DC1/1)). Thus, panel *C* shows a spatial map that represents the concentration of eGFP in this region of the cell. As a result of the N&B analysis, one can also obtain a spatial map of the brightness of eGFP, shown in panel *D*. The apparent brightness "*B*" is obtained by calculating the variance over the intensity at each pixel over the 100 frames. From *B* the average molecular brightness 〈*ɛ*〉 can be extracted by considering the pixel dwell time, as reported in [Table 2](#tbl2){ref-type="table"}. In principle, integer times of molecular brightness represent a molecule with a single or multiple copies of the same fluorescent tag. We refer to the latter as complexes. These complexes appear when there is an association with increased binding stoichiometry.

In each pixel, we could have "monomeric" (with one eGFP) and "multimeric" (with more than one eGFP) complexes; thus we can only determine an average number of eGFPs (or eGFP multimers) forming complexes per pixel. For example from the average apparent brightness (*B* = 1.19) of all HEK cells expressing eGFP, a value of *B* = 1 corresponds to the immobile fraction and 0.19 is the actual contribution from the molecule. Multiples of this number (0.19) would represent eGFP forming complexes. It is clear from panel (*D*) that the molecular brightness of eGFP is distributed uniformly. This is quantitatively shown in the histogram of the brightness in [Fig. 2 *E*](#fig2){ref-type="fig"}, where the number of pixels is plotted against their brightness (variance/intensity). We superimposed on the histogram a Gaussian distribution (*green line*) from which the value of the peak molecular brightness is obtained. In this case the standard deviation of the distribution reflects the statistical noise of this measurement. The distribution for eGFP in HEK293 cells can be well described by a single Gaussian curve. The average molecular brightness, 〈*ɛ*〉, of GFP inside cells was found to be 6.88 ± 1.5 Kc/m/s (see [Table 2](#tbl2){ref-type="table"}).

Some of the artifacts that disrupt the histogram and thus the N&B analysis are the appearance of bright or dark vesicles because they increase the variance and appear as places with high *B*, more evident when the other eGFP constructs described below were expressed. However, they usually give a low background on the histogram with few pixels associated with these artifacts; thus they can be avoided when interpreting the data. Movement of the plasma and intracellular membranes also appear as regions with high brightness, but with low counts that can be observed directly on the screen and avoided for interpretation. Regardless of these possible artifacts, eGFP was shown to be homogeneously distributed in the nucleus and cytoplasm and served as a reproducible control with a molecular brightness of ∼7 Kc/m/s to compare against other eGFP-constructs.

Image correlation provides the mobility of the tracer molecule using the same time series of images that was used for the N&B analysis. To obtain the diffusion coefficient of smaller regions than the whole image shown in [Fig. 2 *B*](#fig2){ref-type="fig"}, a smaller ROI, indicated as a red box in [Fig. 2 *B*](#fig2){ref-type="fig"}, was used to calculate the image correlation ([Fig. 2 *F*](#fig2){ref-type="fig"}). Then, we used a version of [Eq. 4](#fd4){ref-type="disp-formula"} containing two diffusive components to fit the data. *D*~1~ represents the diffusion coefficient of the eGFP (20.1 *μ*m^2^/s), and *D*~2~ was required to properly fit the data, with a value of ∼0.4 *μ*m^2^/s, as described in Materials and Methods. A one-component model produced a poor fit, evident in the residuals, with a *D* slower than the first component in the two-component model. Careful analysis of the diffusion of eGFP over many cells and in different subcellular regions allowed us to determine that the average diffusion coefficient of eGFP was ∼20 *μ*m^2^/s (see [Table 2](#tbl2){ref-type="table"}). From this diffusion coefficient, assuming eGFP is noninteracting, we deduce that the apparent viscosity of the cytoplasm is ∼4-fold that of buffer. As with the N&B analysis, we noticed that diffusion rates recovered by RICS could be distorted in specific regions of the image due to dark or bright moving vesicles and organelles, like mitochondria. For the average values reported in [Table 2](#tbl2){ref-type="table"}, the ROIs were carefully selected in an attempt to minimize these artifacts.

### Diffusivity and availability of eGFP-CaMKII in HEK293 cells

We expressed eGFP-CaMKII in HEK293 cells as a tool to examine the diffusion of a large cytosolic protein complex with the potential to interact with CaM. Also, CaMKII assembles into a dodecameric complex ([@bib34]) and has the theoretical potential to produce a molecule with 12 times the brightness of eGFP.

We present a typical example of data analyzed from an eGFP-CaMKII expressing HEK293 cell using the same layout as in [Fig. 2](#fig2){ref-type="fig"}. [Fig. 3 *A*](#fig3){ref-type="fig"} represents a confocal scan of the selected cell and [Fig. 3 *B*](#fig3){ref-type="fig"} represents the average intensity of the scanned region. [Fig. 3 *C*](#fig3){ref-type="fig"} shows the concentration map that clearly shows that eGFP-CaMKII is not expressed in the nuclear region. The concentration reported in [Fig. 3 *C*](#fig3){ref-type="fig"} is that of eGFP as determined for [Fig. 2](#fig2){ref-type="fig"}. The *B*-map ([Fig. 3 *D*](#fig3){ref-type="fig"}) shows that some values are ≤1, which correspond to the background counts and are areas where eGFP-CaMKII is not present, such as inside the nucleus. In the cytoplasm there is a large distribution of brightness ranging from one eGFP to complexes that contain five to eight copies of eGFP. This is expected because CaMKII is a multisubunit enzyme. This is clearly evident by the broadening in the histogram ([Fig. 3 *E*](#fig3){ref-type="fig"}), where complexes are responsible for the significant second Gaussian component (*blue profile*). This oligomeric complex of CaMKII expressed in the HEK293 cells has on average at least three fluorescent eGFP-CaMKII subunits per molecule. The heterogeneity in the second component presumably reflects the stochastic assembly of eGFP-CaMKII subunits with the endogenous unlabeled subunits in the HEK293 cells and/or incomplete maturation to produce the fluorescent state of the eGFP molecule. Since *α*CaMKII was not observed in untransfected HEK293 cells (see [Fig. 1](#fig1){ref-type="fig"}), eGFP-CaMKII subunits most likely are associated with one, or a combination, of the other three mammalian isoforms of CaMKII (*β*, *γ*, or *δ*) ([@bib35]).

![RICS and N&B analysis of eGFP-CaMKII in HEK cells. (*A*) A confocal slice through HEK293 cells expressing eGFP-CaMKII. (*B*) The average intensity of 100 frames of the ROI identified in *A* is shown with the pseudocolor scale from 0 to 255. (*C*) The concentration map obtained from the N&B analysis. (*D*) The spatial map of the brightness "*B*". (*E*) Brightness histograms of the data shown in *D*; the total number of pixels (*y* axis) are plotted against *B* (*x*axis). The green Gaussian represents the contribution with the molecular brightness of eGFP, and the blue Gaussian represents the contribution of molecular complexes with an average of ∼3 eGFP-CaMKII subunits presumably assembled into the holoenzyme complex. (*F*) The RICS analysis of the ROI shown in *B*. (*G*) The fit of the autocorrelation with a two-component model for this cytoplasmic region of the cell gives values of 2.6 *μ*m^2^/s and 0.14 *μ*m^2^/s.](BIO.138974.wc.f3){#fig3}

The diffusion analysis of eGFP-CaMKII by RICS of a small ROI indicated in [Fig. 3 *B*](#fig3){ref-type="fig"} gives the correlation analysis shown in [Fig. 3 *F*](#fig3){ref-type="fig"}. This spatial and temporal correlation was fit with two diffusion components, where we find that the faster component diffuses at a rate of 3.6 *μ*m^2^/s and the slower component at a rate of 0.4 *μ*m^2^/s, as done for the eGFP case. The component diffusing at 3.6 *μ*m^2^/s is ∼10-fold slower than eGFP-CaMKII diffusion in buffer ([Table 1](#tbl1){ref-type="table"}), which implies that CaMKII is associated with other molecules or with itself or that it is hindered in its diffusion within the cytosolic matrix by its size.

### Diffusivity and availability of eGFP-CaM in HEK293 cells

Our primary objective in this study was to establish the mobility and availability of CaM inside cells. Because of the numerous binding partners for CaM inside cells, it was expected that the mobility and distribution of eGFP-CaM would be complex. RICS analysis of eGFP-CaM expressed in HEK293 cells in basal conditions of Ca^2+^ is shown in [Fig. 4](#fig4){ref-type="fig"}. A confocal slice is shown of the selected cell in [Fig. 4 *A*](#fig4){ref-type="fig"}; note that the fluorescence is relatively uniform in the cytoplasm with the nucleus exhibiting less fluorescence. Then a smaller ROI was selected with the zoom tool (*red box* in [Fig. 4 *A*](#fig4){ref-type="fig"}) and 100 frames were collected (the average intensity is shown in [Fig. 4 *B*](#fig4){ref-type="fig"}, which includes an area of the nucleus and cytoplasm). Then RICS was applied to the ROI shown in [Fig. 4](#fig4){ref-type="fig"} *B*, and after removing the immobile fraction we produced the spatial autocorrelation shown in [Fig. 2 *C*](#fig2){ref-type="fig"}. A two-component diffusion model was required to properly fit the data ([Fig. 2 *D*](#fig2){ref-type="fig"}). For this particular cell, the two components of diffusion of eGFP-CaM in the cytoplasm were 13.2 *μ*m^2^/s and 0.036 *μ*m^2^/s.

![RICS analysis of eGFP-CaM in HEK cells. (*A*) A confocal slice through a HEK293 cell expressing eGFP-CaM. (*B*) The average intensity of 100 frames of the ROI identified in *A* is shown with the pseudocolor scale from 0 to 255. (*C*) The spatial autocorrelation of the intensity data from the red box shown in *B*. The profile of the correlation function is indicative of multiple diffusive components. (*D*) The fit of the autocorrelation with a two-component model for this cytoplasmic region of the cell gives values of 13.2 *μ*m^2^/s and 0.036 *μ*m^2^/s. (*E*) and (*F*) The spatial map of the two components scaled to be centered on the diffusion of each component (*D*~1~ and *D*~2~) in *μ*m^2^/s. A mask of some of the intracellular boundaries is overlaid as topographical maps and a guide where diffusion takes place. Diffusion maps were obtained by scanning a 32 × 32 pixel sequentially over the whole data shown on *B* with a step of 16 pixels. The fitted values were smoothed for visualization.](BIO.138974.wc.f4){#fig4}

A diffusion map of the whole image shown in [Fig. 4 *B*](#fig4){ref-type="fig"} can be constructed by sequentially selecting a 32 × 32 pixel box spaced by 16 pixel steps. Each box is correlated and fitted. For the whole map, both in the nucleus and in the cytoplasm, the average diffusion of eGFP-CaM was ∼10 *μ*m^2^/s ([Fig. 4 *E*](#fig4){ref-type="fig"}), which was consistent when comparisons were made between cells (See [Table 2](#tbl2){ref-type="table"}). As before, the fits required a second, slower component for diffusion in the range of 0.7--0.02 *μ*m^2^/s ([Fig. 4 *F*](#fig4){ref-type="fig"}). However, the N&B analysis (see below) implies that eGFP-CaM forms molecular complexes containing more than one eGFP-CaM. For this reason the second component was allowed to float to capture these dynamics. The hot spots on [Fig. 4 *F*](#fig4){ref-type="fig"} represent a very dynamic region of these types of objects.

From the map shown in [Fig. 4 *E*](#fig4){ref-type="fig"}, we observed that eGFP-CaM diffuses faster, possibly noninteracting, at the top center of the image which corresponds to an area inside the nucleus. The black lines are a mask of some of the major cellular features evident from the image displayed in [Fig. 4 *B*](#fig4){ref-type="fig"}. In the cytoplasm the diffusion can slow to values of ∼4 *μ*m^2^/s, indicating regions where eGFP-CaM most likely is moving as a complex with target proteins. However, the middle portion of the map (average behavior) shows diffusion at a rate close to 10 *μ*m^2^/s, which is about half of that expected for diffusion considering the local viscosity as measured by eGFP. It is important to note that the spatial resolution observed in these maps is poor due to the 32 × 32 pixel window that is sequentially analyzed and further averaged with neighboring data. One technical issue to consider is that the 32 × 32 autocorrelation image is fitted with fewer points that reduce the statistical confidence of the fit. This confidence level increases if larger regions are selected, e.g., a 64 × 64 or 128 × 128 box. The spatial resolution of RICS is thus limited by the necessity of using a rather large area for the analysis. In summary, the overall diffusive behavior of eGFP-CaM across many cells showed that the average fraction of the faster diffusing component (∼10 *μ*m^2^/s) was ∼80% in the nucleus and 60% in the cytoplasm; see [Table 2](#tbl2){ref-type="table"} for a summary of these data. The immobile pool was subtracted for these analysis; thus, the percentages report the fraction of eGFP-CaM that diffuses at rates \>0.002 *μ*m^2^/s.

The N&B analysis of the cell presented in [Fig. 4](#fig4){ref-type="fig"} is shown in [Fig. 5](#fig5){ref-type="fig"}. In [Fig. 5 *A*](#fig5){ref-type="fig"} the concentration distribution of eGFP-CaM is shown below a mask constructed from [Fig. 4 *B*](#fig4){ref-type="fig"}. The concentration histogram of this image is presented in [Fig. 5 *B*](#fig5){ref-type="fig"}. The *B*-map (brightness map) and its histogram are shown in [Fig. 5, *C* and *D*](#fig5){ref-type="fig"}, respectively. From the *B*-map we can see that in the nucleus and in large regions of the cytosol eGFP-CaM has the brightness of a single eGFP. This is evident in [Fig. 5 *E*](#fig5){ref-type="fig"}, where a binary map of the pixels showing the brightness of the monomeric eGFP is shown in red. This threshold value is selected by overlaying a Gaussian profile (*green* Gaussian) on top of the *B*-histogram ([Fig. 5 *D*](#fig5){ref-type="fig"}) and setting the threshold for the image to the peak of the profile. The blue Gaussian corresponds to a threshold value that would represent the "dimeric" state of eGFP-CaM, likely representing molecules with two bound CaM molecules; the map of such a selection is shown in [Fig. 5 *F*](#fig5){ref-type="fig"} as a binary map. From here, we see that almost no such complexes exist in the nuclear region, but in the cytoplasm we find that complexes are found near the perinuclear region and close to borders of other membranes. Even complexes with higher brightness are found (the additional pixels in [Fig. 5 *D*](#fig5){ref-type="fig"} at 1.4 variance/intensity and beyond), but they do not contribute significantly to the overall concentration of eGFP-CaM.

![N&B analysis of eGFP-CaM transfected HEK293 cell. (*A*) The concentration map of eGFP-CaM of the same cell shown in [Fig. 4](#fig4){ref-type="fig"}. (*B*) The concentration histogram as the total number of pixels (*y* axis) plotted against concentration in *μ*M (*x* axis). (*C*) The brightness map as the variance/intensity is scaled over the range from 0.8 to 2.0. (*D*) Brightness histograms of the data shown in (C); the total number of pixels (*y* axis) are plotted against *B* (*x* axis). On top of the *B*-histogram, the green Gaussian represents the contribution of a single eGFP, and the blue Gaussian represents the pixels representing two eGFP-CaMs per complex. These pixels are shown on red as a binary map on *E* and *F*, respectively.](BIO.138974.wc.f5){#fig5}

Some of the larger bright objects, with values for *B* ∼ 2, correspond to vesicles (1--2 *μ*m diameter) filled with fluorescent protein, but those regions can be easily identified and ignored because they have abnormally large fluorescent intensity. By performing a careful selection of brightness and intensity in regions devoid of vesicles, we conclude that eGFP-CaM is found mainly in complexes with only one CaM molecule per complex in the nucleus; but in the cytoplasm, eGFP-CaM is also found in complexes with many copies.

Data from some of these cells were collected after elevation of Ca^2+^ with ionomycin and some after removal of Ca^2+^ with EGTA and ionomycin. However, no significant difference was observed between these treatments and cells at rest. We attribute this somewhat surprising result to the fact that the data were collected at steady sate following each treatment and not during the transition periods of increased or decreased Ca^2+^. These data are summarized in [Table 2](#tbl2){ref-type="table"}, which contains data on the molecular brightness of eGFP-CaM, the concentration of expressed protein, and the diffusion coefficient for different regions.

### Cotransfection of GFP-CaM with nonlabeled *α*CaMKII in HEK293 cells

To examine the influence of CaM-binding targets on the brightness and mobility of eGFP-CaM, similar experiments to those just described were done but now coexpressing eGFP-CaM and nonlabeled *α*CaMKII in HEK293 cells. An example of single-cell analysis is presented in [Fig. 6](#fig6){ref-type="fig"} where rows I and II represent the analysis of the same cell under basal conditions and at elevated Ca^2+^, respectively. Similar images from a second cell are presented in Fig. S3 ([Data S1](http://www.biophysj.org/cgi/data/biophysj.108.138974/DC1/1)), but in that case we changed from basal to lower Ca^2+^ using ionomycin in the presence of the Ca^2+^-chelator EGTA. Column A represents the selected cell, and column B is the ROI from which the N&B analysis was done. The *B*-map and its histogram are shown in columns *C* and *D*, respectively. The brightness map (*column C*) shows that in a substantial fraction of pixels, eGFP-CaM exists as a monomer, particularly in the nuclear region, consistent with the data described above ([Fig. 5](#fig5){ref-type="fig"}).

![N&B analysis of eGFP-CaM coexpressed with nonlabeled CaMKII. Transfected HEK293 cells in basal conditions row I and with a media exchange for high Ca^2+^ (II). (*A*) A pseudocolor intensity profile of the whole cell. (*B*) The ROI from which RICS and N&B were determined. (*C*) The spatial map of the molecular brightness of 100 frames after subtraction of the slowly moving component (see Materials and Methods). (*D*) *B*-histogram where two Gaussian distributions are shown (*green* and *blue lines*). The total number of pixels (*y* axis) is plotted against *B* (*x* axis) scaled from 0.8 to 2. Note the long and asymmetric profile of the second (*blue*) component, which indicates a family of diffusing molecules with molecular brightness 3--12 times that of eGFP.](BIO.138974.wc.f6){#fig6}

Since *α*CaMKII is largely excluded from the nucleus, we did not anticipate significant nuclear changes in eGFP-CaM behavior. However, in the cytoplasm enriched with *α*CaMKII (see [Fig. 1 *C*](#fig1){ref-type="fig"}), there is a significant fraction that binds at a stoichiometry of ∼3--6 eGFP-CaMs per moving molecule in regions that we are confident are not contaminated by vesicle artifacts. Those regions contaminated with artifacts are at the edge of the cell on the right and the large bright vesicles. The complexes of 3--6 eGFP-CaM molecules are likely due to binding to *α*CaMKII. This is in agreement with the reduction of the overall diffusion coefficient from 10 *μ*m^2^/s to 7 *μ*m^2^/s obtained by RICS in these same cells. Note again that the RICS value of 7 *μ*m^2^/s represents the average diffusive behavior over a 32 × 32 pixel box. One common observation we noted is that in cells that are brighter (express increasing amounts of eGFP-CaM), as in the cells presented in [Fig. 6 *C*](#fig6){ref-type="fig"}, the perinuclear region increases in brightness. Interestingly, these complexes disappear after increasing Ca^2+^ (compare rows I and II column *C* where *black arrows* are present). This is one of the only consistent differences we found in manipulating Ca^2+^ inside the cells.

In summary, if we consider only the average molecular brightness per cell ([Table 2](#tbl2){ref-type="table"}), complexes were mostly found in cells that expressed eGFP-CaMKII, which was anticipated because *α*CaMKII is a multimeric protein. But, higher binding stoichiometry was also abundant in the cells expressing both eGFP-CaM and the nonlabeled form of *α*CaMKII, presumably because *α*CaMKII is binding to multiple copies of eGFP-CaM. These results from N&B analysis are consistent with the results using RICS, which shows that in these same cells, on average, we find slower diffusion coefficients ([Table 2](#tbl2){ref-type="table"}). Thus, we conclude that eGFP-CaM targets, such as *α*CaMKII, have a significant potential to alter the diffusivity and available pool of CaM.

DISCUSSION
==========

We show that the combination of RICS and N&B analyses is a powerful technical combination to investigate the mobility and interaction of proteins inside cells. Applying these techniques led us to the conclusion that a significant fraction of CaM is binding to other molecules inside cells both at rest and at elevated Ca^2+^. We also examined the mobility and state of aggregation of eGFP (∼27 kDa) and eGFP-CaMKII (∼970 kDa). These two proteins are at the extremes of a broad range of sizes found in cells. eGFP is a noninteracting protein that gives a limiting high value for the diffusion of a small freely mobile protein. We found that eGFP in cells diffused at ∼20 *μ*m^2^/s, ∼4-fold slower than in buffer and consistent with previous results ([@bib36]--[@bib38]). Also, eGFP was uniformly distributed and existed with the brightness of a single eGFP throughout the cytoplasm. For eGFP-CaMKII, hindered diffusion was found, typical of large proteins in the cytosol. eGFP-CaMKII exhibited an average diffusion coefficient of ∼1.6 *μ*m^2^/s ([Table 2](#tbl2){ref-type="table"}), a factor∼13-fold slower than in buffer and consistent with our earlier studies ([@bib6]). Furthermore, we observed that eGFP-CaMKII was partially immobilized in the cell (∼26% immobile fraction), presumably due to interactions with other cellular components or possibly itself ([@bib28]), as suggested by the presence of large brighter complexes.

Our primary objective in this study was to establish the mobility and availability of CaM inside cells. The apparent viscosity of the cytoplasm of HEK cells was determined to be ∼4 times higher than that in buffer when eGFP was used as a tracer. The diffusion coefficient of eGFP-CaM in cells (∼10 *μ*m^2^/s) was on average a factor of 2 slower than for eGFP in cells, and this fast mobile fraction represented ∼80% of CaM in the nucleus and ∼60% in the cytosol in basal conditions ([Table 2](#tbl2){ref-type="table"}). With a careful selection of regions to avoid artifacts, the slow diffusive component represented the motion of eGFP-CaM most likely bound in large complexes. In solution, there was no significant difference between the diffusion of eGFP and eGFP-CaM. Therefore, the value found for the diffusion of eGFP-CaM implies that either eGFP-CaM is bound to other proteins or that eGFP-CaM is weakly interacting with immobile structures, giving the appearance of slowed diffusive motion.

To distinguish between these two possibilities, we used the information from the N&B analysis. We observed from the *B*-map in [Fig. 5 *C*](#fig5){ref-type="fig"} that over the entire cell, ∼80% of the pixels had the brightness of a single eGFP-CaM ([Fig. 5 *D*](#fig5){ref-type="fig"}) and that the remainder of pixels report brightness corresponding to more than one eGFP-CaM per molecular complex (histogram [Fig. 5 *D*](#fig5){ref-type="fig"}). However, in the nucleus, \>90% of eGFP-CaM was found as "monomers", whereas in the cytoplasm ∼50% of the eGFP-CaM was monomers ([Fig. 5 *E*](#fig5){ref-type="fig"}). The rest of the pixels show increased brightness, mostly as apparent dimers, presumably from complexes formed with two eGFP-CaMs per target protein. Furthermore, there is a spatial separation between pixels with low and high brightness. Since pixels with large brightness must correspond to CaM-forming complexes, we must look at the map of the number of molecules to properly evaluate the availability of CaM. Using the values of the concentration map, we determined that most of the CaM molecules are part of molecular complexes.

In addition, a transient interaction with immobile structures is unlikely to give plots with high brightness. We reached this conclusion by considering the diffusion analysis and N&B. From the N&B, we obtained concentrations of eGFP-CaM in the *μ*M regime; only very high affinity targets (*k*~D~ ∼ nM or below) would be likely to bind and stay as a complex during the time frame of the fluctuations (∼4 s between frames). Transient interactions, although potentially slowing the diffusion, would not give a high brightness because higher variance over the acquisition time is required to resolve complexes. However, we acknowledge that there are CaM-binding partners with 1:1 stoichiometry that would also slow significantly the diffusion of eGFP-CaM and from diffusion analysis they cannot be resolved. Nevertheless, the finding of variable stoichiometry of CaM with binding partners leads to a new dimension on the regulatory function of CaM.

We also showed that introducing a target for the binding of CaM (*α*CaMKII) significantly influenced the mobility and availability of eGFP-CaM in the cells. This is evident in both the analysis of molecular brightness and diffusion analyzed with RICS ([Table 2](#tbl2){ref-type="table"}). Similar influences on CaM availability have been seen in a number of other examples where CaM-binding proteins were introduced into cells. Expression of nitric oxide synthase ([@bib21]) or CaMKII ([@bib6]) in HEK293 cells were both shown to significantly affect the availability of CaM.

The appearance of molecular complexes indicates that there are targets with multiple binding sites for CaM. In the context of what is known about CaM biochemistry, there is little available information about the possible function of multiple CaMs bound to specific targets. Nevertheless, there are many examples where single protein targets contain multiple binding sites for CaM. A few examples include the L-type calcium channel, which contains three CaM-binding domains ([@bib39]): CaMKII or other kinases ([@bib40]) and members of the myosin family of actin binding proteins ([@bib41]). In the particular case of CaMKII, multiple CaMs are required for the enzyme to reach an autophosphorylated state, placing a requirement for multiple CaMs bound to a single holoenzyme ([@bib42]). Thus, the existence of many CaMs associated to a target was expected to some degree even in the absence of CaMKII. The functional role of the multiple CaM-binding sites for CaM targets is an active research field that is also being approached by numerical simulations.

A number of past studies have evaluated the intracellular diffusion and availability of CaM either directly ([@bib6],[@bib7],[@bib19]) or indirectly ([@bib3],[@bib4],[@bib20],[@bib21]) using genetically engineered biosensors. Fluorescent recovery after photobleaching of microinjected fluorescent CaM in smooth muscle cells demonstrated an immobile pool of 37% ([@bib7]), and the diffusion was four times slower than an inert tracer of similar size ([@bib43]). These values are quite consistent with those we determined in HEK293 cells. The use of fluorescence resonance energy transfer based CaM sensors has also revealed that CaM-binding targets are in excess of available CaM and that the formation of CaM-target complexes is limited by CaM availability ([@bib4],[@bib20],[@bib21]). However, quite different results have also been published. Gough and Taylor ([@bib19]) used fluorescence anisotropy to show that \<10% of fluorescein-labeled CaM microinjected into 3T3 cells at rest was bound. This apparent discrepancy is most likely due to the way the fluorescent probe was introduced competing with the endogenous pool of CaM or by the cell type used for the study.

In total, the presented results suggest that the majority of CaM is bound to target proteins spatially differentiable at rest and following Ca^2+^ elevations, implying that CaM-dependent protein activation occurs through competition for a limited pool of available CaM. We have also shown that the combination of RICS and N&B applied to data collected on a standard confocal microscope can provide enormous insight into the spatial map of the diffusion and formation of CaM-target complexes. This technology should be widely applicable to study the dynamics of protein mobility and protein interactions in the cytoplasm, nucleus (as shown here), or plasma membrane ([@bib44]).
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